The wide structural diversity of RNA results in part from the diversity of non-Watson-Crick interactions between bases. To examine the repertoire of possible hydrogen bond interactions among bases, we computed databases of base-pairs and base-triples by systematically matching all possible hydrogen-bond donors and acceptors between bases and evaluating the geometries of each planar configuration. For base-pairs, we find 53 arrangements having at least two hydrogen bonds, including 23 pairs with protonated bases that have not previously been modeled. A comparison with experimentally observed base-pairs reveals an unexpected G:U pair recently observed in the ribosome. For base-triples, we find 840 arrangements in which the three bases are constrained by a total of at least three hydrogen bonds. Base-triples in particular exhibit a wide range of structural diversity, suggesting how compact or elongated nucleic acid structures may be constructed using different hydrogenbonding patterns. Base-pair and base-triple conformations were systematically compared to identify structurally isomorphic combinations, and the experimentally observed arrangements within double and triple helices are among the most isomorphic. Unexpectedly, however, other combinations in the database are even more isomorphic, including several in which all-purine arrangements overlap with all-pyrimidine arrangements. These studies highlight some of the combinatoric and geometric versatility of base interactions and help provide a framework for analyzing and modeling isomorphic interactions and potentially for designing novel nucleic acid structures.
Introduction
Hydrogen bonding interactions often make important contributions to the assembly of macromolecular structures and to the specificity of macromolecular interactions, due in part to their geometric constraints. 1 -4 In nucleic acids, hydrogen bonds between bases help establish the overall organization of a polynucleotide structure by participating in the formation of helical secondary structures and stabilization of specific three-dimensional shapes. Although Watson -Crick basepairing is the most common type of interaction, it is widely appreciated that non-Watson-Crick base-pairs, triples, and quadruples are critical for forming non-helical structures, such as those found in RNAs. 5, 6 Base-triples, for example, can provide key interactions in assembling a tertiary structure by docking a base-pair in a helical region to a single-stranded nucleotide distant in the polynucleotide chain. These types of interactions have provided key constraints for modeling nucleic acid structure. 7 -10 Although hydrogen bonds between bases clearly are not the sole determinant of nucleic acid structure or thermodynamic stability, base stacking, van der Waals interactions, electrostatic interactions, and interactions involving the sugar, phosphate backbone all play major roles, they are often an important component of structural specificity.
Early modeling studies of base-pairing interactions identified 28 arrangements in which two bases can adopt fixed relative geometries, being tethered together by two or three hydrogen bonds. 3, 11, 12 Later modeling studies identified one additional G:C arrangement. 13, 14 Most of these predicted pairings have been observed experimentally either in RNA structures or in DNA helices containing mismatched bases. 5 The potential diversity of base-triples is less well understood and relatively few have been observed. Basetriples initially were inferred from the observation that particular homopolymers could form threestranded RNA structures under some conditions. 3 Three major classes of DNA triple helices now are well defined and involve the docking of a third strand into the major groove of a WatsonCrick helix via hydrogen bonding to the Hoogsteen face of the base-paired purines. 15 Another type of triplex structure recently has been observed in an RNA pseudoknot in which the third strand docks into the RNA minor groove. 16 Other types of base-triples, some completely lacking WatsonCrick pairing, have been observed in tRNAs, the ribosome, and other RNA structures. 17 -21 Given the importance of base-base interactions in defining nucleic acid structure and function, we undertook a computational approach to systematically explore how bases can recognize each other through specific sets of hydrogen bonds. We calculated databases of base-pairs and base-triples, including interactions with protonated adenine and cytosine bases, which are known to occur in some structures even near neutral pH 3 and which provide additional types of hydrogenbonding schemes. Analysis of the interactions has identified some unexpected arrangements and structural similarities between combinations. The databases and derived isomorphic relationships may be used together with biochemical and genetic covariation data to model plausible base arrangements within a structure, which rarely are defined unambiguously from the data alone, especially for base triples. 17,22 -24 In addition, some multiply hydrogen-bonded arrangements or those with highly isomorphic partners may be particularly interesting candidates for designing novel nucleic acid structures.
Computational Approach Modeling approach
The overall scheme for systematically calculating arrangements of planar, hydrogen-bonded basepairs and base-triples is based on simple geometric and steric considerations and is shown in Figure  1 (a). First, a single hydrogen bond is formed between two bases in a planar configuration for every possible combination of donor and acceptor groups, with a total of two bonds formed for a base-triple, one between each pairwise partner. Each single hydrogen bond is formed with the two possible planar orientations of the bases, generated by 1808 rotation about the bond. Base nitrogen atoms with covalently bonded hydrogen atoms are treated as donors, and nitrogen and oxygen atoms with free electron pairs, other than purine N9 or pyrimdine N1 atoms, are treated as acceptors. Next, the allowed geometric space of each preformed hydrogen bond is systematically sampled by rotating one base around two angles with respect to the other base (see Figure 1(b) ), and each conformation is evaluated for the formation of additional hydrogen bonds and the absence of steric clashes. Finally, the best conformation, as judged by a simple scoring function that favors linear hydrogen bonds (see below), is identified and all unique hydrogen-bonding arrangements are stored in a database, including those with single hydrogen bonds between pairs of bases.
Adenine (A), guanine (G), cytidine (C), and uracil (U) bases having covalent bond distances and angles within one standard deviation of average values 3 were chosen arbitrarily from one tRNA crystal structure (pdb identifier 4tra; residues 66, 42, 27, and 52). Hydrogen atoms were added using Insight II (MSI). Protonated A and C were generated by adding single hydrogen atoms to the N1 or N3 positions, respectively, leaving the heterocyclic rings unchanged. Possible interactions of thymine (T) were considered to be a subset of those formed with U, reasoning that the C5 methyl group of T cannot form hydrogen bonds and only would add an additional steric constraint.
Three parameters were used to define acceptable hydrogen bond geometries: the distance between the donor and acceptor heavy atoms and two angles centered at their atomic positions ( Figure  1(b) ). The initial hydrogen bond was formed at the observed mean distance for each donor-acceptor pair 3 and was not subsequently varied. The maximum length for any additional hydrogen bond was 3.2 Å and the minimum length was determined by the donor and acceptor van der Waals radii. Allowable ranges for the donor angle (0^188) and acceptor angle (0^518 for a nitrogen atom and 0^908 for a carbonyl oxygen atom) were chosen (along with a steric parameter) to include slightly unreasonable geometries and are integral multiples of the angular step size used to generate the various conformations. The donor and acceptor angles were varied in step sizes of 38, which generates a large number of conformations (455 for each N -H· · ·N bond and 793 for each N -H· · ·O bond). For base-triples, two hydrogen bonds were formed initially between the two pairs of bases, resulting in , 10 5 -10 6 planar conformations as each hydrogen bond was varied independently. A steric test was performed for each conformation by calculating all pairwise atomic distances prior to determining whether additional hydrogen bonds could be present. A steric parameter (0.8) was used to reduce the hard sphere radii of all atoms 25 and was chosen empirically to ensure that all known base-pair arrangements would be identified. An additional parameter was added to remove conformations containing close contacts between similarly charged groups. For this purpose, atoms that can serve as either a hydrogen bond donor or acceptor were considered negatively charged and polar hydrogen atoms were considered positively charged. A minimum separation of 2.9 Å was chosen, which still retained all known pairing arrangements.
Because the modeling procedure generates many possible conformations for each hydrogen-bonding arrangement, a simple scoring function was used to retain the most geometrically ideal conformation as a representative. A score for each conformation was assigned by summing all hydrogen bonds in a given arrangement, and the conformation with the lowest value was retained in the database. Due to the weak dependence of hydrogen bond strength on the acceptor angle 1 -4 the donor angle alone was used in scoring. Redundant arrangements resulting from the combinatorial docking strategy were removed. Calculations were performed on two 300 MHz Pentium II processors using the Linux operating system. The base-pair database was calculated in about one minute and the base-triple database in about For clarity, only a few rotations around the acceptor (the O6 carbonyl oxygen atom of G in this example) are shown; the independent rotations around the donor (the N3 imino nitrogen atom of C þ ) are not shown. Each conformation is tested for steric clashes and for formation of additional hydrogen bonds (dotted lines), and one conformation of every unique hydrogen bonded arrangement is retained. (b) The three parameters used to define a hydrogen bond; the acceptor angle (a A ), the donor angle (a D ), and distance between heavy atoms (d N -N for amino-imino hydrogen bonds and d O -N for carbonyl-amino hydrogen bonds). Although the acceptor angle for a carbonyl oxygen atom is defined in a linear manner with respect to the oxygen, we utilize a wider parameter than for a nitrogen acceptor when defining a hydrogen bond to account for its wider electron density distribution (see Computational Approach).
Computed Base-pairs and Base-triples three weeks. Both the base-pair and triple databases included all unprotonated and protonated combinations.
Arrangements in which two bases are tethered by a single hydrogen bond were classified as flexible and those in which each base is involved in at least two hydrogen bonds as fixed. Base-triples in which all three possible pairs were tethered by a single bond also were considered fixed. Some conformations contained bifurcated hydrogen bonds, but to simplify the database, these arrangements were removed because their individual, non-bifurcated arrangements present in the database had very similar conformations, with only small shifts in the relative orientations of the bases. Any arrangement was considered structurally redundant if its pattern of hydrogen bonding was a subset of another and, for fixed arrangements, if the two fell within a 0.5 Å all-atom r.m.s. limit.
Two additional filters based on solvation and backbone conformational criteria were used to remove improbable conformations of the fixed base arrangements. First, some arrangements contained charged groups not involved in a hydrogen bond and without sufficient space for a water molecule, an energetically unfavorable situation. Such arrangements were identified by bonding a 2.8 Å diameter sphere approximating a water molecule to the unoccupied acceptor or donor atom(s), rotating the sphere in 38 increments (^908), and measuring steric accessibility. A single, unprotonated C:C base-pair was eliminated by this filter, which is related to the C:C þ pair observed experimentally only in its protonated form (see Figure  2 , #41). Nearly 50% of the base-triple database was eliminated by this filter. Second, we wished to ensure that all arrangements could sterically accomodate the sugar -phosphate backbone. The backbone was represented by a set of ribose sugar conformations with an enlarged C5 0 atom (1.9 Å instead of 1.7 Å ) to approximate the rest of the backbone. We calculated 141 conformations of the ribose ring in all possible sugar puckers 26 and placed them into four sets, the first containing the two most common C2 0 -endo and C3 0 -endo conformations, the second containing nine additional commonly observed conformations, the third containing 33 still within the range of observed conformations, 3 and the fourth containing the remaining 97, many of which are likely to be energetically unfavorable but are sterically possible. The first set of sugars was added to all fixed base arrangements combinatorially, varying the glycosidic bond angle in 108 increments, and tested for steric problems. Sets 2 -4 were used sequentially only for those arrangements that failed the steric test with the common sugar conformations. All base-pairs could accommodate the C2 0 -endo and C3 0 -endo rings, and only 11 basetriples could not. Four base-triples could not accommodate any backbone conformation and were removed from the database.
Energy minimization
The computed databases were calculated by a simple geometric search and evaluated only planar arrangements. To test whether these conformations are energetically reasonable, we performed energy minimization of each arrangement using the program X-PLOR 27 and examined changes in structure. Only unprotonated bases were examined using partial charges provided by Dr Peter Kollman (personal communication); partial charges for protonated bases were not available. All other parameters were from Cornell et al.
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Each base was treated as a rigid body and hydrogen bonds were maintained by constraining the coordinates of the donor and acceptor atoms with a harmonic force field (force constant ¼ 20 kcal mol 21 Å
21
). Energy minimization was terminated after 10,000 steps or if the norm of the energy gradient was less than 0.001. Individual energies were estimated for the starting and energy-minimized structures as the sum of the van der Waals and electrostatic interaction energies between the individual bases, and r.m.s.d. values were calculated between the initial and minimized structures. The few unfavorable conformations observed prior to minimization almost exclusively reflected steric clashes; this was expected because the databases were calculated with reduced steric parameters compared to those used in the energy calculations.
Base interactions in known structures
To further evaluate the quality of the calculated databases, we compared them to compilations of computed hydrogen-bonded base arrangements in polynucleotide-containing structures, including nucleic acids complexed to proteins and the 30 S and 50 S ribosomal subunits. We generated one compilation utilizing hydrogen bonding citeria described below, and also performed comparisons to databases constructed by independent methods 28, 29 † to reduce possible biases of hydrogen bond identification.
The hydrogen bond parameters (0 -3.4 Å distance and 0^358 donor angle) used for our search of observed interactions were less stringent than those used to compute the databases to allow for some experimental imprecision. Interactions were classified solely based on their hydrogen bonding patterns, allowing comparisons between the calculated planar conformations and observed non-planar conformations. The N1 position of A and N3 position of C were treated as acceptors and, if not involved in a hydrogen bond, also as donors to check for possible hydrogen bonds to protonated bases. Potential donors and acceptors on modified bases also were considered, defining these atoms based on their covalently bonded partners. Base-pairs or triples that are part of larger hydrogen-bonded arrangements were output in all possible arrangements. Observed arrangements were matched to the corresponding arrangements in the model databases. Many observed base arrangements contained bifurcated hydrogen bonds, particularly given the wider parameters used, and these were output as the two singly hydrogenbonded forms, as described above. Due to the relaxed hydrogen bonding parameters used in this search, we identified ten fixed base-pairs (of 4741), 52 fixed triples (of 1955), 82 flexible pairs (of 2049), and 333 flexible triples (of 1304) that had no matching counterparts in our databases. All of these had either significant steric clashes, hydrogen bond values near the limits of the relaxed parameter ranges, or exhibited highly non-planar geometries. The absence of these arrangements points to two limitations of our approach: (1) the length of our initially formed hydrogen bond remains fixed, and (2) highly non-planar geometries are not well modeled. Nevertheless, all of the absent arrangements represent extreme cases and probably are not stabilized principally by hydrogen bonding. In searching for interactions within the ribosomal subunits, we used AMBER PROTONATE 25 to add hydrogen atoms to 30 S (1HRO) and 50 S (1FFK) subunit structures. The G:U base-pair discussed in the text also was observed in other reported 30 S structures (1FJF and 1FJG). 
Calculation of isomorphic combinations
All pairwise combinations of base-pairs and all pairwise combinations of base-triples were overlapped to determine their degree of structural similarity, or isomorphism. The overlap was performed for each of the two possible pairwise arrangements of bases for base-pairs and for each of the six possible pairwise arrangements of bases for base-triples such that the positions of the glycosidic bonds were optimally aligned. The quality of each overlapped combination was defined by an I (Isomorphism) value; I ¼ p {ðDaÞ 2 þ vðrmsÞ 2 }; where rms is the r.m.s.d. of all overlapped glycosidic bonds, Da is the average angle between the overlapped glycosidic bonds, and v is the slope of the curve that bisects the distribution of overlaps of either base-pairs or base-triples in the (rms, Da) plane (see Results and Figure 6) . A low I value indicates a high degree of structural similarity. Both rms and bond angle parameters are required to completely specify the degree of overlap. 17 
Results

Database construction
We computed databases of hydrogen-bonded base-pairs and base-triples utilizing a geometric approach in which a single hydrogen bond was formed between two bases in a planar configuration, followed by a conformational search to identify additional hydrogen bonds (Figure 1(a) ). The hydrogen bonding and steric parameters of the search were set to help generate thorough databases. All arrangements identified can sterically accommodate the sugar -phosphate backbone. The computed databases contain all combinations in which two bases are bridged by at least one hydrogen bond. In all, there are 373 base-pairs and 31,372 base-triples (Table 1) , of which 53 pairs and 840 triples have "fixed" spatial conformations constrained by at least two hydrogen bonds (for pairs) or three hydrogen bonds (for triples; see the hydrogen bonding arrangements in Table 2 ).
In addition to the steric criteria used to construct the databases, we applied three additional tests to ensure that the calculated conformations were structurally and energetically reasonable. First, we eliminated arrangements in which two charged groups not involved in a hydrogen bond were too close to be solvated. Second, we estimated interaction energies of each arrangement, performed energy minimization, and examined changes in structure. Fewer than 1% of the base-pairs or triples showed unfavorable energies prior to minimization, estimated as the sum of the van der Waals and electrostatic interaction energies between the individual bases, and none was unfavorable after minimization. r.m.s.d. values between the initial and minimized structures showed relatively small deviations. Third, we assessed the quality of the calculated databases by comparisons to observed base interactions; virtually all observed interactions were present, except for a small number (see Computational Approach) that are significantly non-planar or have poor hydrogen bonding geometries and probably are not reasonable.
The calculated databases include the protonated bases, A þ and C þ , with 14 pairs and 319 triples having fixed conformations that utilize the protonated positions for hydrogen bonding and thereby generate structurally distinct interactions. Thus, protonation can significantly expand the diversity of base interactions. In reality, the diversity of interactions is even greater than our calculated databases in that we do not explicitly consider water-mediated hydrogen bonds, hydrogen bonds to 2 0 OH or phosphate backbone groups, or CH· · ·O or CH· · ·N bonds. 16, 21, 37, 38 Nevertheless, arrangements involving these interactions usually include at least one direct hydrogen bond between base moieties, which are included in the databases, and thus are indirectly represented in our databases. By the same token, the databases indirectly encompass arrangements having bifurcated hydrogen bonds, which are represented by the corresponding pair of singly bonded interactions. For the purposes of this work, we discuss only fixed arrangements of base-pairs and triples tethered via base -base hydrogen bonds.
Base-pairs
For base-pairs, our modeling yielded 44 distinct fixed arrangements (with two or three hydrogen bonds), including both unprotonated and protonated bases (Figure 2 ), and 35 of these have been observed. (Note that the remaining nine of the total of 53 base-pairs mentioned above are variants in which bases are protonated but no additional hydrogen bonds are formed and thus have redundant hydrogen bonding patterns; see Figure  2 ). Of the 30 unprotonated arrangements, two unexpected G:U pairs were found (#9, #11 in Figure 2 ) that were not identified in previous modeling studies, 13, 14 probably due to the close proximity of the carbonyl groups of U and the C1 0 atom of G, and have not been included in recent base-pair compilations. 39 In both G:U pairs, the pyrimidine base hydrogen bonds to the N3 imino and N2 amino groups of G, similar to a G:C arrangement (#7) that was previously modeled but not included in earlier base-pair compilations. 40 One of the G:U pairs (#9) now has been observed, first in NMR-derived models of a thrombinbinding DNA aptamer 41 -43 and more recently in crystal structures of both ribosomal subunits (G1389:U1435 in the large subunit 18 and G362:U49 in the small subunit. 19 ) Most base-pair arrangements not yet observed involve protonated bases, although some protonated arrangements with structurally similar neutral forms (for example, see the reverse Hoogsteen A:C pair #12 and the protonated A:C þ pair #35 in Figure 2 ) may have been assigned as the neutral form during structure determination. Nonetheless it seems clear that Computed Base-pairs and Base-triples protonation adds considerably to the diversity of possible base-pairs.
Base-triples
The number of possible base-triple combinations is very large, and obtaining a view of their structural repertiore requires a systematic approach such as that described here. Our modeling yielded 840 structurally distinct base-triples having fixed arrangements, including 307 unprotonated and 533 protonated triples, with only a small fraction of the total observed so far. The 50 S ribosomal subunit contains 27 triples, including nine without any Watson-Crick base-pairing and three involving a protonated base; the 30 S subunit contains ten triples, including four without Watson-Crick pairing. In our database, fixed arrangements containing every possible base composition are observed, and more than two-thirds of the triples contain single hydrogen bonds between at least two bases. The maximum number of hydrogen bonds within any triple is five, and there are 28 such arrangements. Selected examples of base-triples within the database (Figure 3 ) illustrate some of their wide structural diversity.
Base-triples can be thought of as being composed of either two or three base-pairs, but the formation of a fixed triple does not require that any pair itself be fixed by two hydrogen bonds (see Figure 3) . Indeed, one-third of the triples are composed of three pairs, each bridged by a single hydrogen bond ( Table 2 ). The remaining two-thirds of the triples contain one or two fixed base-pairs ( Table 2 ). The number of arrangements in which a third base can be used to recognize each of the 30 unprotonated fixed base-pairs (see Figure 2) is shown in Figure 4 . It is evident that six of the base-pairs only can be bridged by single hydrogen bonds to each base.
Isomorphic combinations
Base combinations that overlap closely in the positions of their glycosidic bonds can often functionally substitute for one another in the context of a given structure. 17, 23, 44, 45 Given our extensive databases of base-pairs and triples, we wished to determine which combinations were most isomorphic. We systematically overlapped all pairwise combinations in each database, optimizing the overlap of all glycosidic bonds in all different alignments (two for pairs and six for triples), and derived a value, I, that approximates the quality of each overlap. An I value of zero represents a perfect overlap of glycosidic bonds. The I values do not specify whether the syn/anti-orientations are the same, which is necessary if two base combinations are to be interchanged in any structural context. 46 No particular I value is used to establish that two combinations are isomorphic, unlike a previous analysis, 17 but rather the I values specify the relative degree of isomorphism.
To visualize "isomorphism" within the entire databases, we plotted the r.m.s.d. values of all overlapped glycosidic atoms and the average deviation of their bond angles (Da) for all pairwise combinations of base-pairs and triples ( Figure 5(a) and (b) ), and plotted histograms for the corresponding (I) values derived from these two parameters (Figure 5(c) and (d) ). Points closest to the origin in Figure 5 (a) and (b) represent the most similar overlaps and have the lowest I values. For base-pairs, the most isomorphic combination is between the Watson-Crick pairs, as expected, and each Watson-Crick pair also is highly isomorphic to the G:U wobble pair ( Figure  5(c) ). For base-triples, the three known arrangements found in mixed-sequence triple helices ( Figure 5 (e), #1-3) are among the most isomorphic combinations in the database ( Figure 5(d) ), and a fourth (#4) that does not form mixed triple helices 15 has a slightly higher I value. A relatively large number of triple combinations overlap extremely closely ( Figure 5(b) ; rms , 0.1 Å and Da , 28), and these represent cases in which U is substituted by C þ , using a nearly identical ad face (see Discussion and Figure 7) for hydrogen bonding. The equivalence of U and C þ also is seen with base-pairs.
In addition to plotting the isomorphic relationships for the entire database, it can be instructive to plot the distribution of all overlaps for a chosen base-triple. This might be used, for example, to predict an isomorphic substitution for a known or inferred base-triple. Four examples are shown in Figure 6 , utilizing base-triples with differing characteristics. From these plots, it is apparent that for any given triple, very few others closely overlap and might be considered isomorphic (arbitrary boxes indicating rms , 1 Å and Da , 208 are shown). Isomorphic arrangements are especially rare for those involving the N3 -N2 hydrogen bonding face of G (Figure 6(c) ) or for extended base-triples (Figure 6(d) ), which comprise only 35 of the 840 fixed base-triples. We computed 44 unique arrangements of basepairs containing at least two hydrogen bonds, including 14 arrangements with protonated bases (Figure 2) . Unexpectedly, we found two G:U pairs (#9, #11 in Figure 2 ) not identified by previous modeling studies 13, 14 and not generally included in base-pair compilations. 39 Interestingly, one of these (#9) has been observed in both ribosomal subunits and in a DNA aptamer. 18,19,41 -43 Among the protonated arrangements, the C:C þ base-pair (#41) is the only pair, aside from the Watson-Crick G:C, to contain three hydrogen bonds and has been observed in intercalated helical structures. 47 The unprotonated form of this pair has been included in previous base-pair compilations 39 but probably is energetically unfavorable and has not been observed. In general, protonated arrangements are expected to be relatively less frequent than neutral arrangements and, indeed, most arrangements not yet observed involve a protonated base. To our knowledge, this study provides the first systematic modeling of base-pairs involving protonated bases and extends the repertoire of possible pairing arrangements.
Diversity of base-triples
From inspection of the database, it is evident that the structures of base-triples can be very diverse and can be used to build distinct RNA architectural elements. A few selected examples, including observed (#1 -3) and unobserved (#4 -7) cases (Figure 3) , illustrate several aspects of this diversity: (1) some triples involve Watson-Crick base-pairs (#1, #4) and are the most commonly observed given that a third base need only dock against an already paired Watson -Crick helix. Nevertheless, most of the computed base-triples do not utilize Watson-Crick pairing and some of these have been observed (#2, #3). (2) A third base can span across a base-pair, forming hydrogen bonds to both partners (#4, #5). In contrast, the regular triple helical structures observed to date have involved hydrogen bonding of a third strand to only one strand of a Watson -Crick helix.
15 ( 3) The shapes of some triples are relatively triangulated and compact, particularly when a third base spans both partners of a base-pair (#2, #4-7), whereas others are elongated and extended (#3). (4) Similar shapes can be formed by triples with rather different base compositions, even involving all-purine and all-pyrimidine arrangements (#6, #7). (5) Fixed triple arrangements can be formed with just three hydrogen bonds when they are used to close a ring (#6, #7). (6) As with basepairs, protonation substantially widens the diversity of possible base-triples, representing nearly two-thirds of the calculated triples. The diversity of base-triples provides opportunities to test predicted interactions in a variety of structural contexts, as described below, although it clearly must be recognized that the energetic components of nucleic acid structure are far more complex than the simple geometric and hydrogen bonding criteria applied here.
Consequences of the donor and acceptor arrangements of the bases
The ability of bases to form fixed base-pair and triple arrangements can be understood by considering the number and spatial arrangement of hydrogen bond donor and acceptor groups on each base (Figure 7 ). To form a fixed base-pair, two adjacent acceptor (a) or donor (d) groups must be complementary to those of its pairing partner. The six bases (including A þ and C þ ) contain a total of nine ad, three dd, and two aa faces and thus those displaying the most ad faces should produce the most abundant pairing arrangements. G, A, and U each contain two ad faces and indeed generate the greatest diversity ( Figure 2 ). Interestingly, protonation of A decreases its diversity, converting an ad face into a dd face. Also, the pyrimidine U is as diverse as the purine A with respect to its base-pairing potential, despite having fewer total donor and acceptor groups. Rather than considering the explicit arrangements of donors and acceptors, it also is possible to classify base interactions according to the three "edges" common to all bases: a Watson-Crick edge, a Hoogsteen edge, and a sugar edge (which also includes the 2 0 OH group). Once in a base-pair, the donor and acceptor arrangements present new surfaces for recognition by a third base. In some cases, one face is still available to form two hydrogen bonds with the incoming base, thereby forming two independently fixed base-pairs. However, in most cases (twothirds), the incoming base spans both partners of a base-pair with just one hydrogen bond to each (Table 2; Figure 3 ; #6, #7), and in fact several basepairs can only be bridged in this manner ( Figure   4 ). Sorting the database by purine/pyrimidine content (Table 2) shows that no all-pyrimidine arrangement can be composed of two independently fixed pairs, as pyrimidines do not possess a sufficient number of donors and acceptors. In addition, the formation of elongated or extended triples (see Figure 3 ; #3) requires at least one purine, and it must be located in the middle of the structure to provide two binding faces that each form two hydrogen bonds to another base. Among observed bases-triples, those composed of two independently fixed pairs are more typical (see #1, #3 in Figure 3 ) although singly hydrogen bonded spanning interactions are found (see #2 in Figure 3 ).
Isomorphic relationships
Perhaps one of the most interesting aspects of the calculated databases is the ability to systematically examine isomorphic relationships amongst base-pairs and especially amongst the large database of triples. For base-pairs, the Watson -Crick and G:U wobble pairs found in double helices are among the most isomorphic combinations ( Figure  5(C) ) but, interestingly, some other combinations are even more isomorphic, including an all-purine G:G pair and an all-pyrimidine C:C pair ( Figure  8) . Similarly, the four known base-triples found in triple helices are among the most isomorphic Examples of all-purine (black) and all-pyrimidine (grey) arrangements whose glycosidic bonds can be closely overlapped. Despite the large differences in ring size, several such closely overlapping arrangements can be found.
Computed Base-pairs and Base-triples but many other combinations are at least as isomorphic, including all-purine and all-pyrimidine arrangements ( Figure 8 ). Given that arrangements with such different base compositions can overlap so closely, it seems unlikely that simple rules will be found to identify isomorphic replacements, as might be desired to test a predicted interaction. Rather, a systematic computational approach may be more effective, particularly for triples, where the database may be sorted according to similarity to a chosen arrangement (Figure 6 ).
The existing helical structures are based on isomorphic combinations but do not necessarily represent the complete repertoire of stable structures. Again, a computational approach may help identify other interesting structures, illustrated for triple helices as follows: in all four known types of triple helices, a third strand is used to recognize a purine-rich strand of a Watson -Crick helix, and these structures form in part because the triples are reasonably isomorphic. 15 To identify other possible arrangements that might form triple helices, we examined the overlap of all triples that contain a Watson -Crick pair ( Figure 9 ) and found five that are at least as isomorphic as the two most isomorphic known triples (#1 and #2; see Figure  5 (E)). Two of the five use the same third base to recognize the Watson-Crick pairs but three others (#5 -7; Figure 9 ) use different bases and thus are candidates for forming novel, sequence-specific triple helices. Only #5 maintains the same syn/anti orientation for both base-triples, which probably is important for triple helix stability, 15 and likely is the best candidate. Arrangements #5 and #6 use a third base to recognize a purine in the major groove whereas #7 recognizes G:C or C:G pairs in the minor groove and in principle uses an A to span across the base-pair. It will be especially interesting to determine if regular helices can be constructed from entirely non-Watson-Crick arrangements, using the most isomorphic combinations found in the database, in part testing the role of isomorphism in determining helix stability.
Conclusions and utilization of the databases
The databases described contain all geometrically and energetically plausible planar base-pairs and triple combinations, including flexible arrangements tethered by single hydrogen bonds, fixed arrangements with multiple hydrogen bonds, and arrangements utilizing protonated bases. The databases represent all generally recognized planar and non-planar arrangements found in known structures, and it is reasonable to expect that they encompass the vast majority of, if not all, hydrogen-bonded base combinations that may be found. While interactions other than hydrogen bonds were not included in the modeling and will contribute to the structure and stability of any given base interaction, it is clear that many of the described hydrogen bonding arrangements make important contributions in a variety of structural contexts. Given the vast number of sequence and hydrogen bonding possibilities, especially for triples, it seems that systematic approaches taking into account all possible base arrangements will be required to successfully model structures in many unknown cases. Even at the base-pair level, we found two unexpected G:U base-pairs, one now observed in the ribosome, highlighting current limitations to our knowledge of nucleic acid structure and emphasizing the need for such approaches.
To help analyze the large number of possible base -base interactions, particularly for basetriples, it is desirable to sort interactions by their structural characteristics and to visualize individual structures. We have placed the databases, named NAIL (nucleic acid interaction libraries), on a graphical web site †, have devised a set of filters that can be used to identify desired interactions, and have set up a rudimentary user interface. The following filters can be applied: (1) base-pairs or triples, (2) fixed or flexible, (3) base composition, (4) unprotonated or protonated, (5) number of hydrogen bonds, (6) distribution of hydrogen bonds in base-triples, (7) shape of basetriples, (8) specify fixed base-pairs within triples, (9) identify best overlapped combinations, and (10) overlap two specific combinations.
